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Abstract

The objective of this study was to study mangrove response (impact and recovery) from
extreme climatic events such as tropical cyclones, marine heatwaves, and drought events on
the eastern shores of Exmouth Gulf. Mangroves in arid regions, like those in Exmouth, are
considered the most sensitive to disturbances due to already existing at their physiological
limits. Projected increase in frequency, severity and duration of climate extremes is also
considered a major challenge for mangroves in the future. Mangroves are critically important
communities providing a wide variety of essential ecosystem services and coastal protection,

making it important to monitor them from these events and assess recovery.

This study used satellite remote sensing and a multiple endmember spectral mixture analysis
(MESMA\) to detect and quantify impact and track recovery of mangroves from 1998 to 2021.
This study found that greater impacts on mangroves were associated with cyclone and
drought events, whereas marine heatwaves did not cause much impact. It was also
demonstrated that cyclones tended to result in increases in mangrove cover. A cyclone
associated with rainfall occurring before a drought event may have ameliorated extreme
drought conditions, potentially reducing the disturbance of this event on mangroves. In
addition, recovery from one cyclone was particularly slow, however this may be attributed to
an extreme drought event that occurred four years later which also resulted in high impact
and slow recovery. This raises the concern of compound impacts slowing recovery of
mangroves in the area. Impacts associated with one marine heatwave, considered due to
other causes, which resulted in lower magnitudes of negative impact resulted in more rapid

mangrove recovery.

This study has found additional impacts on mangroves in Exmouth Gulf that had previously
gone unreported, demonstrating the importance of remote sensing in monitoring these
communities. In addition, demonstrating the need for further long-term monitoring of these

mangroves.
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1.0 Introduction

1.1 Arid zone mangroves

Mangroves are globally important intertidal halophytes that provide a wide variety of
ecosystem services and coastal protection (Barbier et al., 2011). They are, however, declining
globally due to natural and anthropogenic disturbances (Goldberg et al., 2020). Arid zone
mangroves are arguably the most sensitive mangrove communities to disturbances due to
already existing at the edge of their physiological limits (Adame et al., 2021). Because
mangroves in arid climate zones have adapted to challenging environmental conditions such
as hypersaline mudflats, variable and infrequent precipitation and low nutrients, they are

fundamentally different from tropical assemblages (Adame et al., 2021).

Because arid zone mangroves occur at their tolerance thresholds, they have lower
productivity and growth, and shorter stands than tropical conspecifics (Adame et al., 2021).
Low growth and low diversity in these regions have been attributed to limited nitrogen and
low precipitation, respectively, with few species able to tolerate and maintain productivity
under hypersaline soils (i.e. due to poor flushing), low nutrients and low humidity (Ball &
Farquhar, 1984; Osland et al., 2017; Adame et al., 2021). Despite the lower productivity, they
present disproportionately high ecosystem services for their region because they are one of
the few woody communities that can grow in hot, arid and saline environments (Adame et
al., 2021). They also provide large carbon sequestration and store more carbon belowground
than tropical mangrove forests and terrestrial forests (Lugo, 1997; Lovelock, 2008). This is
potentially linked to the amount of below ground and soil carbon stores needed to withstand
unfavourable environmental conditions such as low nutrient availability and anaerobic

conditions typical for arid zone regions (Lovelock, 2008).

1.2 Climatic disturbance and recovery ecology of mangroves

Mangroves have managed to survive various extreme climatic events over several millennia
(Alongi, 2015). However, concerns of future mangrove survival are arising from scientists
because of rapid anthropogenic climate change (Asbridge et al., 2015; Harris et al., 2018;
Sippo et al., 2018). This concern stems from projected increases in severity and frequency of

extreme climatic events due to climate change, which have already been increasing in
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severity, frequency and extent during recent decades (Bergstrom et al., 2021). Climate
extreme events and their associated impacts may be most damaging to mangroves with
projected increased frequencies likely to drive an ecosystem collapse (Babcock et al., 2019).
With increasing frequency of disturbances there is concern mangroves may not be able to
recover quickly enough, where time between successive disturbances may not be sufficient

for full recovery (Asbridge et al., 2015; Harris et al., 2018).

Mangroves are known to be strongly influenced by atmospheric temperature, mean sea level,
salinity and extreme events in relation to precipitation (e.g. drought and flooding) (Asbridge
et al., 2015; Lovelock et al., 2017). Climatic events can influence these factors and exacerbate
the environmental stressors of mangroves. Drought conditions and events are expected to be
more frequent with climate change, leading to higher salinities which may exceed salinity
tolerances of mangroves more often (Alongi, 2015). Tropical cyclones have a range of effects
both negative and positive, which may depend on the mangroves’ position relative to the
storm track or the severity of weather associated with the cyclone. Destructive tropical
cyclones (most likely passing over mangroves) bearing strong winds can cause defoliation or
completely uproot the mangroves (Asbridge et al., 2015). Arid zone mangroves may be
initially less affected by lower category cyclones due to their short stature, making them more
wind resilient (Roth, 1992; Krauss & Osland, 2020). Additionally, high rainfall associated with
tropical cyclones can flood mangroves and disturb sediment accretion and storm surges can
cause sediment deposition (Paling et al., 2008; Asbridge et al., 2015; Sippo et al., 2018).
Conversely, cyclones that are rain-bearing (passing nearby) can provide essential water input
which alleviates mangroves from dry hypersaline conditions and allow for nutrient flow to
promote growth (Lovelock et al., 2011). Depending on the severity of the impact and the
responses of different mangrove species these climatic events can lead to changes in growth
productivity, canopy structure and species composition, landward and seaward expansion,

and geographical distribution (Duke, 1990; Asbridge et al., 2015; Lovelock et al., 2017).

Cumulative impacts may become more likely under climate change, with increased risk of
successive extreme climatic events, which may have implications for mangrove recovery.
Continued disturbance due to regular extreme climatic events can prevent recovery of
mangroves to previous community extent affecting long-term survival (Harris et al., 2018).
Further periods or events of drought following extreme events can limit mangrove recovery
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and potentially lead to further degradation (Dai, 2013; Duke et al., 2017; Servino et al., 2018).
Although lower growth heights could be advantageous in limiting wind effects, lower growth
potential of mangroves in arid zone climates could result in slow recovery (Roth, 1992; Krauss
& Osland, 2020). Mangrove communities that are spatially extensive are considered to be
more resilient to climatic events due to having a higher likelihood of having surviving areas
that can serve as seed and propagule sources for impacted areas which can facilitate recovery
(Harris et al., 2018; Krauss & Osland, 2020). Weather effects associated again from tropical
cyclones may provide opportunity for mangrove recovery. Inundation by storm surges and
high tides may protect seedings, saplings and small mangrove stands from high winds during
cyclones, leaving areas potentially unaffected (Stocker, 1976; Paling et al., 2008; Krauss &

Osland, 2020).

Extreme climatic events have caused some of the largest mortality and dieback events of
mangroves in the world, they are the largest contributor of mangrove decline in Australia with
negative impacts being most notable in northwest Australia (Giri et al., 2011; Goldberg et al.,
2020). Additionally, half of the reported losses of mangroves, in Australia, due to natural
impacts have been caused by tropical cyclones (Sippo et al., 2018). The majority of mangrove
mortality attributed to tropical cyclones in the southern hemisphere has been in Australia,
however this could be due to greater research effort in Australia (Sippo et al., 2018). Other
reported impacts from natural events in Australia have been associated with the El Nifio
Southern Oscillation (ENSO), especially the El Nifio phase. Mangrove mortality events
associated with El Nifo phases have been attributed to low rainfall, record high atmospheric
temperatures and low sea level, leading to drought conditions (Duke et al., 2017; Lovelock et
al., 2017; Hickey et al., 2021). In Australia, mangrove mortality that has been associated with
drought conditions have been predominantly linked to the El Nifio phase of ENSO, with
multiple recent accounts of mangrove decline following these drought events (Lovelock et al,
2017; Duke et al., 2017; Sippo et al., 2018; Asbridge et al., 2019; Hickey et al., 2021). Potential
impacts due to marine heatwaves (MHW) or other modes of climate variability (e.g. La Nifa)

have not been equally explored (but see Duke et al., 2017; Hickey et al., 2021).
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1.3 Monitoring mangroves

Remote sensing methods have provided great opportunity to monitor mangrove ecosystems
at the landscape scale. Mangroves tend to cover large areas and are often impracticable for
field research (Pham et al., 2019). Furthermore, arid zone mangroves are typically in remote
regions that are largely inaccessible (Adame et al., 2021). Remote sensing techniques have
been particularly useful for change detection studies utilising time series data to monitor
mangrove ecosystems at large scale, including changes associated with climatic disturbance
events (Paling et al., 2008; Duke et al., 2017; Lovelock et al., 2017; Asbridge et al., 2019;
Servino et al., 2018; Goldberg et al., 2020; de Jong et al., 2021). Satellite data archives can
allow researchers to go back in time and investigate climate impacts that previously received
little study. Mangroves are also quite recognisable when using remotely sensed data due to
a distinct spectral signature, with low spectral reflectance (absorbance) in the red and
relatively high spectral reflectance in the near-infrared wavelengths (Giri, 2016; de Jong et al.,
2021). This makes them distinguishable from other coastal land cover types within these

systems such as mud flats, saltmarshes and algal mats (de Jong et al., 2021).

1.4 The regional setting of Exmouth Gulf

Climate drivers on northwest of Australia differ from those in other parts of the world. The
dominant mode of climate variability in this region is the Ningaloo Nifio/Nifia which is driven
by broader scale influences such as the Australian summer monsoon and ENSO (Feng et al.,
2013; Kataoka et al., 2014; Zhang et al., 2018; Kataoka et al., 2018; Maggiorano et al., 2021).
The Ningaloo Nifio is associated with positive (warm) sea surface temperature (SST)
anomalies and Ningaloo Nifia with negative (cold) SST anomalies, with both generally peaking
in the austral summer (Kataoka et al., 2014). The Ningaloo Nifio is a major cause of marine
heatwaves (MHW) for this region where local coupled atmosphere—ocean feedback amplifies
positive (warm) SST resulting in a MHW (Kataoka et al. 2014; Marshall et al., 2015; Hobday et
al., 2016; Zhang et al., 2018; Maggiorano et al., 2021).

La Nifia phases have previously been identified as the major cause of Ningaloo Nifio
generating MHWSs, however MHWs have occurred during El Nifio phases and independent of

ENSO (e.g. caused by the Australian Summer Monsoon) (Kataoka et al.,, 2014, 2018;
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Maggiorano et al., 2021). In addition to contributing to the formation of the Ningaloo
Nifio/Nifia and consequently MHWSs, the broader scale ENSO cycle can have local effects,
especially on sea level. During El Nifio phases, sea levels tend to be lower (negative anomalies)
and during La Nifia, sea levels tend to be higher (positive anomalies) (Merrifield et al., 2012;
Deepa et al., 2019). Low sea level caused by this phase, in addition to other variables such as
low or no precipitation influenced by other modes in north west Australia, can lead to drought
conditions due to less tidal flushing leading to higher salinities. Although explored elsewhere
in Australia (Duke et al., 2017; Lovelock et al., 2017; Asbridge 2019), the effect of MHWSs and

El Niflo’s on mangroves have not been investigated in Exmouth Gulf.

This region has historically been vulnerable to tropical cyclones and tsunamis with mangroves
here occurring within the most cyclone-prone region across the entire Australian coastline
(McBride, 2012; May et al., 2015) (See Figure 1.1). In addition, the La Nifia phase of ENSO that
generates MHWs can result in greater occurrences of tropical cyclones in this region
(Kuleshov et al., 2008). During a recent preliminary assessment, increased climatic impacts
due to climate change have been considered high risk to mangroves in Exmouth Gulf (Sutton
& Shaw, 2021). This makes monitoring of this ecosystem crucial, given that climatic impacts
are already a natural feature that may become more frequent and severe. Although
mangroves in Exmouth Gulf have received little attention following ENSO and MHW events,
a study has been conducted in this region for a particularly strong Tropical Cyclone that
caused significant mortality in 1999 (Cyclone Vance) (See Paling et al., 2008), however the
mangroves were still recovering at the time of the study and thus it is still uncertain if

mangroves in Exmouth Gulf have since recovered.

Evaluating mangrove response to climatic events in this region is critical as these mangroves
play significant ecological and economic roles, forming an important part of the ecosystem.
Mangroves here provide essential habitat for the juvenile stages of reef organisms associated
with the world heritage listed Ningaloo Reef and a variety of invertebrate species including
endemic crab species (Humphreys et al., 2005; Wilson, 2013). Mangrove canopy size or extent
may also contribute to fishery stocks where reduced mangrove area may negatively impact
fishery sizes (Loneragan et al.,, 2005). Further, the proximity of seagrass to mangroves
enhances the habitat capabilities of seagrass for fisheries through added provisions of food

and shelter (Nagelkerken et al., 2001; Skilleter et al., 2005; Unsworth et al., 2008).
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1.5 Research aims

The mangroves in Exmouth Gulf have remained relatively undisturbed from anthropogenic
disturbances since around 1972 when a salt production development was abandoned (Gulf
Holdings, 1990). Exmouth Gulf mangroves have been recognised as regionally and nationally
important, where their protection and conservation are supported under a number of State
and Federal Acts, thus warranting high protection from anthropogenic disturbances (Lane et
al., 2001; Humphreys et al., 2005; EPA, 2009; Sutton & Shaw, 2021). Thus, in this region, the
major threats to mangroves are climatic impacts. Identifying how differing climatic events
impact mangroves and how quickly mangroves can recover from climatic disturbances may
provide valuable understanding for mangrove protection into the future, and consequently

support habitat protection for a variety of other biota that rely on mangroves.

The aim of this study is to provide a recent evaluation of mangrove response to a variety of
climatic disturbances. This study will use satellite remote sensing to detect and quantify
impacts from extreme climatic events that occurred on the eastern Exmouth Gulf between
1999 and 2016, including from tropical cyclones, strong ENSO phases causing drought events
and marine heatwaves generated by varying climate modes, and track mangrove recovery

from these climatic events from 1998 to 2021.
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Figure 1.1: Historical geographical tracks of tropical cyclones that have passed nearby and over the
Exmouth Gulf from 1970 — 2017. The line style and tone of cyclone tracks indicate the time frames in

which cyclones occurred, showing cyclones from the 1970s (light grey dotted line), 1980s (medium

grey dotted line), 1990s (dark grey dotted line), 2000s (black dotted line) and 2010s (orange and blue

included in this study.

lines). Cyclone tracks in solid-coloured lines indicate the most recent cyclones to pass directly through

the gulf, Tropical Cyclone Vance 1999 (red line), Carlos 2011 (blue line) and Quang 2015 (orange line),

where respective coloured arrows indicate direction of cyclone track, these are the cyclones that are
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2.0 Methods

2.1 Study area

Exmouth Gulf is a 2900 km? U-shape embayment situated 22°11’S, 114°33’E on the northwest
shelf of Western Australia (Figure 2.1). It is characterised by a shallow basin (< 22m depth),
limestone shores on the western and southern coasts as remnants from fringing coral reefs
during the late Pleistocene Epoch (Wilson, 2013), and extensive mangrove habitat on the
eastern shore which is the focus of this study (Figure 2.1). The mangroves cover an area of

~377 km?, along ~82 km of coastline (calculated with GIS software).

This region has an arid climate with mild winters and hot summers. It occurs along the most
arid zone across the entire Australian coastline (Semeniuk, 1996). Average monthly maximum
atmospheric temperatures range between 24 °C for winter and 38 °C for summer, with the
lowest and highest daily maximum temperatures recorded at 21 °C (winter) and 41 °C
(summer) (BOM, 2021). Average monthly Sea Surface Temperature (SST) ranges from 19 °C
to 31 °C with the minimum and maximum daily SST recorded being 17 °C and 32 °C (NASA,
2021). This region experiences semi-diurnal tides of about 2 meters. The majority of rainfall
(~ 240mm year ~ 1) occurs during winter months (May and June) and during cyclone season

(January to March) when there is an active tropical cyclone or tropical low (BOM, 2021).

From northern Australia southwest to the Exmouth Gulf mangrove species richness decreases
as the coast becomes more arid, to more specialised species (Semeniuk, 1996; Wilson, 2013).
The eastern Exmouth Gulf hosts a few species of mangrove able to tolerate this type of
climate including mainly Avicennia marina. Mangroves within the genus Avicennia are
markedly versatile species occurring across diverse climate zones, with species exhibiting
freeze tolerance (e.g. Avicennia germinans) and considerable salt tolerance (e.g. Avicennia
marina) (Osland et al., 2016; Humphreys et al., 2005). Avicennia species often dominate
mangroves in arid climates (Adame et al.,, 2021). The second most abundant species in
Exmouth Gulfis Rizophora stylosa, and the less common species include Ceriops tagal, Ceriops

australis, Aegialitis annulate and Bruguiera exaristata (Humphreys et al., 2005).

A study area mask was used as part of this study, encompassing a 5 km distance from shore

buffer to ensure entire creeks were captured and areas likely to experience tidal fluctuation
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including from climatic events using a water observation from space layer (Geoscience

Australia, 2004; https://nationalmap.gov.au/).
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Figure 2.1: Study area of eastern Exmouth Gulf (black dashed line), and the extent of mangroves
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2.2 Climatic events

This study will evaluate the responses (impacts and recovery) of mangroves to extreme
climatic impacts including three tropical cyclones, two drought events (El Nifio phases) and
two MHWSs both generated by different means (Table 2.1). All of these climatic events
occurred during a particular climate mode, most notably with ENSO phases, with the co-
occurring events mostly associated with these broader climate modes. For example, Cyclone
Carlos occurred after the peak of Ningaloo Nifio 10-11 (occurring with La Nifia) and Cyclone
Quang before the peak Ningaloo Nifia 15-16 (8 months prior) (occurring with El Nifio) and

thus might be considered as having cumulative impact (Table 2.1).

Some of the events evaluated here have previously been studied to assess impacts to
mangroves elsewhere in Australia (Ningaloo Nifia 02-03 and Ningaloo Nifia 15-16 (El Nifios)
(See Duke et al., 2017; Lovelock et al., 2017; Asbridge et al., 2019), and in Exmouth Gulf
(Cyclone Vance 1999) (see Paling et al., 2008). Climatic events here differ in their associated
influence on climate and weather conditions and thus impact on mangroves. Ningaloo Nifias
observed are associated with drought and Ningaloo Nifios with MHWs and the major

potential disturbance for cyclones are wind speed, storm surge and rainfall (Table 2.1).

The comparable events observed also differed slightly. The tropical cyclones included in this
study are the most recent cyclones that passed directly through the Exmouth Gulf (Figure
1.1), these cyclones differ in their severity category, with each generating different winds and
rain and developing at different times in the year (Table 2.1), in particular, Cyclone Quang
developed late in the cyclone season (May). The two more severe cyclones developed during
La Nifla phases (here Ningaloo Nifio 10-11), Cyclone Vance and Carlos, and Cyclone Quang at
the beginning of an El Nifio phase (here Ningaloo Nifia 15-16). In the month at which the
cyclones passed Exmouth Gulf, Cyclone Vance had a reported 3-meter storm surge, the other
cyclones do not have reported storm surges however this does not mean that they did not
occur (Table 2.2). Cyclone Vance and Carlos during this month had higher rainfall and winds

recorded than Quang (Table 2.2).

The Ningaloo Ninas studied both occurred during El Nifio phases with atmospheric

temperature and sea level variables being the most different between these two events
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(Table 2.3). During the peak months of the events, average sea level recorded for Ningaloo
Nifia 15-16 was 20cm lower than Ningaloo Nifia 02-03, plus although average atmospheric
temperatures recorded at this time were high, Ningaloo Nifia 02-03 was associated with
anomalously high temperature by almost 3 °C on average (Table 2.3) (Figure 2.2). Ningaloo
Nifia 15-16 was associated with more rainfall before and after the peak disturbance, than
Ningaloo Nifia 02-03 (partly due to the co-occurring cyclone), in addition to some rain during
the peak event, where during Ningaloo Nifia 02-03 the area received very little to no rain

(Table 2.3) (Figure 2.2).

The Ningaloo Niios included in this study both generated a MHW during austral summer and
occurred close in time, the first occurred in January 2011 caused by a La Nifia phase and the
second in February 2013 caused by the Australian Summer Monsoon (Table 2.1). This second
MHW had a reported 72 consecutive MHW days in this region (December 2012 — Mar 2013)
as per Hobday et al., (2016) definition of number of days SSTs are above the 90" percentile
of a local threshold. A reported MHW days of the first MHW meeting the same definition
cannot be found. SST for the second marine heatwave was on average one degree Celsius
warmer during the MHW month, with this event almost 3 °C above normal and the first MHW

2 °C above normal.
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Table 2.1: Summary of climatic events and dates included in this study and potential disturbance

factors associated with each event in addition to climate phases and events they occurred with.

Event Name Date(s) Co-occurred with Potential disturbance factors
Severe cyclone
e Severe winds
Cyclone Vance | 22 Mar 1999 | La Nina e Storm surge (sediment
deposition)
e High rainfall (flooding)
Drought
e High (plus anomalously high) air
Ningaloo Nifia Dec 2002 - El Nifio temperatures
i
02-03 Jan 2003 e Anomalously low SST
e Anomalously low sea level
e Norainfall
MHW - Thermal stress
) » . e Anomalously high SST
Ningaloo Nifio May 2010 - | La Nifia (MHW) & ) .
e High air temperature
10-11 Mar 2011 Cyclone Carlos )
e Anomalously high sea level
e High rainfall (flooding)
Severe Cyclone
) N e Severe winds
Cyclone Carlos | 22 Feb 2011 | Ningaloo Nifio 10-11 ] ) )
e High rainfall (flooding)
e No reported storm surge
MHW - Thermal stress
Ningaloo Nifio Dec 2012 - | Australian summer e Anomalously high SST
12-13 Mar 2013 monsoon (MHW) e High (& anomalously high) air
temperatures
Cyclone
) o~ e High wind speeds
Cyclone Quang | 1 May 2015 | Ningaloo Nifa 15-16 ) ) )
e High rainfall (flooding)
e No reported storm surge
Drought
) i i e Anomalously low sea level
Ningaloo Nifia Apr2015- | El Nifio & Cyclone ) .
e High air temperature
15-16 Apr 2016 Quang

e Anomalously low SST
e Little rainfall
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Table 2.2: Tropical cyclone event summaries at the time or for the month (total rainfall) that they
passed over Exmouth Gulf. See dates in Table 2.1.

Max wind Max wind gust Storm month Rainfall
Category .
10min(km/h) (km/h) Surge (m) total (mm)
Cyclone Vance 1999 5 175.9 267.0 3.6 217.0
Cyclone Carlos 2011 2 92.6 129.6 NA 218.2
Cyclone Quang 2015 1-TL* 37.0 83.3 NA 117.0

*Tropical Low

Table 2.3: Ningaloo Nifio/Nifia impact event summaries for the month considered the peak
disturbance, where mean sea surface temperature (SST), mean maximum air temperature (Max Air
Temp), and sea level are climate averages for the month and rainfall which is the total rainfall for the
peak disturbance month. Peak disturbance months for each event are identified in Figure 2.2 and 2.3,
where January is considered the peak disturbance month for all events except Ningaloo Nifio 12-13
which is considered in February.

Event Impact SST (°C) Max Air Temp (°C) Sea Level (m) Rainfall (mm)
Ningaloo Nifia 02-03 | Drought 27.1 40.9 1.4 0
Ningaloo Nifio 10-11 MHW* 30.3 36.6 1.8 100.8
Ningaloo Nifio 12-13 MHW* 31.5 40.0 1.7 1.0
Ningaloo Nifia 15-16 | Drought 27.0 35.1 1.2 0.6

*marine heat wave

2.3 Data and pre-processing

2.3.1 Climate data
Climate data were examined to identify peak disturbance dates, indicated by high or low
climate anomalies, to guide acquisition of remote sensing data (see section 2.3.2). The climate
data can also help to understand potential climatic drivers of decreases or increases in
mangrove fraction (or proportion of loss) associated with each climatic event. Climate data
were acquired from 1998, or as early as available, to 2020. Climate anomalies were calculated
by subtracting monthly measurements from the long-term average for that month. Aimost all
climate data were retrieved from the Bureau of Meteorology (BOM), with monthly rainfall
and air temperature acquired from Learmonth Airport station (Station 005007), and monthly
sea level data from BOM'’s sea level gauge within Exmouth marina. Daily SST data was
extracted from remotely sensed data from the Physical Oceanography Distributed Active
Archive Centre (PO.DAAC)

repository from the National Aeronautics and Space
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Administration (NASA) (NASA, 2021). The Multi-scale Ultra-high resolution (MUR) SST dataset
used combines several sensors including MODIS, AMSR-E and AVHRR-3 at varying spatial
scales merged for 0.01 degree spatial and daily temporal resolution (NASA, ND). SST was
extracted at approximately five equally spaced points along the eastern Exmouth Gulf and

averaged.

2.3.2 Remote sensing data and selection criteria

Mangrove response to climatic events was evaluated at the landscape scale using
atmospherically corrected satellite remote sensing images from Landsat 5 (TM), Landsat 7
(ETM) and Landsat 8 (OLI) (USGS, 2021; USGS 2021). This Landsat data provides spatial
resolution of 30 meters and a 16-day return rate with an overpass time of around 10:15am.
These Landsat satellites also collectively provide over 30 years of consistent measurements
which is essential for this study type. Data imagery were obtained from USGS Earth Explorer

Collection 2 Level-2 Science Products (https://earthexplorer.usgs.gov/) (path 115 and rows

75 and 76) between 1998 to 2021 and processed using ENVI software.

To reduce impacts of seasonality on mangroves when detecting impacts and tracking
recovery, images were acquired from the same time of year. To detect impact, images (from
the same Landsat sensor for a given climatic event) were selected before and after the time
of the peak impact (see Figure 2.2 & Figure 2.3), and day of passing for tropical cyclones. For
the Ningaloo Nifio/Nifias, image dates were in July/August (with one exception acquired 1°
September). For cyclones, images were acquired within two months before and after the
cyclone. All image dates for tropical cyclones were within the first half of year when the only
rainfall during this time is directly attributed to the event itself, therefore no large variation

should be attributed to difference in seasonality.

To evaluate recovery, annual images (from any Landsat) were acquired from July/August. This
image timing corresponds to the peak growing season following the month with the most
reliable high rainfall (BOM, 2021), which is when mangroves are most phenologically
consistent (Coupland et al., 2005; Pastor-Guzman et al., 2018). Cloud free data images were

prioritised within the two-month time frames.

A portion of the Landsat 7 (ETM) data used in this study had stripes of no data due to a scan

line corrector error that occurred in 2003 (Markham et al., 2004). To combat the effects of no
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data stripes on the study, when it was necessary to use Landsat 7 data, two images from the

two-month time that collectively provided full data coverage (hence force, dual images) were

acquired to represent each year. However, when Landsat 5 or Landsat 8 data were available,

these images were prioritised over Landsat 7. Landsat acquisition dates can be seen in

Appendix A. The final dataset was an image series with annual images from July/August for

the time frame 1998-2021, including extra image dates for the years with cyclones.
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Figure 2.2: Climate Anomaly data for drought events, including sea surface temperature (SST) and sea
level (a), mean maximum air temperature and total monthly rainfall (b) for Ningaloo Nifia 02-03 and
sea surface temperature (SST) and sea level (c), mean maximum air temperature and total monthly
rainfall (d) for Ningaloo Nifia 15-16, where grey panels indicate the potential peak disturbance, the
dark grey wavy line a cyclone and the Landsat image acquisition indicated by black dotted lines.
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Figure 2.3: Climate anomaly data for MHW events, including sea surface temperature (SST) and sea
level (a), mean maximum air temperature and total monthly rainfall (b) for Ningaloo Nifio 10-11 and

Ningaloo Nifio 12-13, where grey panels indicate the potential peak disturbance, the dark grey wavy
line a cyclone and the Landsat image acquisition indicated by black dotted lines.

2.4 Multiple Endmember Spectral Mixing Analysis (MESMA)

A mixed pixel is a result of multiple land cover types present within one pixel. Common
methods to quantify vegetation cover, such as vegetation indices, are unable to discriminate
vegetation types within a given pixel or across an image and thus unable to distinguish
mangrove cover from vegetation cover overall. Spectral unmixing overcomes these shortfalls
through its ability to deal with mixed pixels and determine proportions of land cover types
per pixel rather than a general greenness index (Thayn, 2020). Spectral Mixture Analysis
(SMA) models the pixels of an image as a linear combination of spectra from pure pixels of
each class (endmembers), estimating the relative proportion within each mixed pixel that is
made up of that class (Adams et al., 1993). This analysis results in a fraction image per land

cover type, showing the proportional cover by each land cover class within each pixel. This is
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traditionally done using a fixed set of endmembers, with one per broad land cover class, thus
failing to account for variability within a land cover class (Roberts et al., 1998). Multiple
Endmember Spectral Mixture Analysis (MESMA), an extension of SMA, addresses this
limitation of SMA by allowing for multiple endmembers per land cover class capturing
variability across a landscape and within classes (Roberts et al., 1998). MESMA also enables
the number and type of endmembers used to model a pixel’s reflectance to vary, as it tests
all combinations of endmembers on each pixel, which minimises model error based on lowest
Root Mean Squared Error (RMSE) (Roberts et al., 1998). MESMA has not been applied in many
marine coastal settings. One study suggests MESMA is more effective in these environments
than SMA due to its ability to account for variation of classes due to tidal levels (He et al.,

2010).

The MESMA procedure consists of three steps: building a spectral library of candidate
endmembers for the land cover types present in the study area, selection of the optimal

endmembers, and then running MESMA to decompose the mixed pixels and calculate fraction

images. The following sections of the methods follow the scheme indicated in Figure 2.4.

Landsat 5
data imagery
(LS5)

Landsat 8
data imagery
(L58)

Landsat 7
data imagery
{LS7}

Shade
normalise

Apply mangrove

Apply no-data

extent and
study area mask

stripe mask

Final mangrove (R TEE T
Pre- Run SAM S fractions of dual
processing | with LSS0E fraction images riEzz ihizs
Extract image Select optimal e
e Suhtract_post |rr_||:|act Create full image stack
endmembers endmembers from pre-impact image )
from mapped e of all image dates
1 LS50E & 3
matching
Optimise LS50E spectral Isolate recovery year
Endmembers signature image dates
i Subset suitable’ pixels
(L5 G AL LS7 optimal LS8 optimal to model recovery
endmember
cural lib endmember endmember \L
spectral library spectral library spectral library
(LS50E) Piecewise regression
W analysis
*
Gain fraction
Run MESMA Identify & Recovery

images

Quantify impacts

trajectories

Figure 2.4: Flowchart of methods covering the sections of methods that follow, where procedure

applied to Landsat 5 is indicated by orange, to Landsat 7 by green, Landsat 8 by blue, to Landsat 7 and

8 by yellow and to all by grey. Outcomes are indicated by white boxes.
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2.4.1 Endmember selection

Endmember selection is arguably the most important part in the MESMA procedure.
Endmembers may be collected from the field, laboratory, or directly from images. Image
endmembers were used for this research. Using image endmembers has two advantages,
they are easily obtained and once obtained they will have the same scale of measure as the

data being modelled.

This study utilised multiple resources to identify land cover classes within the study area and
help build the spectral library needed to conduct a MESMA. Firstly, a thorough environmental
report on the mangrove and coastal ecosystem of the eastern Exmouth Gulf from 2005 was
used as reference material for the study area (Humphreys et al., 2005). Land cover maps in
the report from 4™ August 2005 were cross-referenced with a Landsat image from the
assembled data series that was the closest in time to the surveys in the report (01-07-2005).
Another environmental report completed for this area as part of the same project but with a
focus on vegetation was used for better description of saltmarsh areas (McCreery et al.,
2005). Google images (Maxar Technologies, Map data 2021) and satellite images from within
ArcGIS (appeared to be higher resolution), were also used to help identify landcover types
from the remote aspect. Photographs from around the study area taken in 2004 (Photo credit
E. Paling) were observed to get a closer understanding of the study area. Lastly, the 2D scatter
plot function within ENVI was also utilised (between red and NIR bands) to spectrally separate
land cover types and identify purest pixels of each class. These are pixels that fall at the
outside corners of the point cloud in a scatter plot. A reference 2D scatter plot from within
the study area was also available for comparison to confirm that groupings of classes in the
spectral scatter plot was correct (Humphreys et al., 2005 - Appendix 2). Upon review of these
resources and familiarisation with the image date five land cover classes were selected for

the analyses, including mangroves, algal mat, saltmarsh, water and bare (e.g. sand, mudflats).

Endmember selection was concentrated across three distinctive regions of the study area, in
the north, central and southern regions, ensuring representatives from across the landscape
and accounting for any variability from north to south on the 01-07-2005 image date. Another
image date (pre-disturbed) in the series was also used to ensure the full range of variability
was represented by candidate set of endmembers. The candidate endmember selection was

focused on representativeness of a land cover type (i.e. mud, mangrove, sand algal mat etc.)
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from each distinctive region of the study area. Various endmembers from within each
landcover class were collected, this included sparse, dense, partially inundated (due to tide
or rainfall), and dry vegetation for mangrove, saltmarsh and algal mat classes, endmembers
from seaward and landward margins (including around creeks) for these classes, as well as
dry and partially inundated mudflats, sand and supratidal land for bare endmembers, and
variable turbidity and depth for water endmembers. In addition, dead mangrove
endmembers and dry algal mats (not active), were collected as bare endmembers. If the
spectra from a pixel was considered too unusual it was not included. In total the spectral
library contained 169 candidate endmembers, including 31 mangrove, 26 algal mat, 14

saltmarsh, 33 water and 65 bare.

2.4.2 Optimisation of endmembers

The second critical step is optimisation of endmembers to increase the effectiveness and
computational efficiency of MESMA. Common metrics of endmember quality were used to
select optimal endmembers from the full library, the Endmember Average RMSE (Root Mean
Squared Error) (EAR), Minimum Average Spectral Angle (MASA) and the Count Based
endmember selection (CoB) metrics In_CoB and Out_CoB (see Table 2.4). A combination of
these is best as some of these metrics are sensitive to certain factors compared to the others
for example dark and light objects. Optimisation was run on the entire merged spectral
library. Endmembers with high Out_Cob values were considered erroneous and discarded
(Table 2.4). Following this, endmembers were optimised for Landsat 5 data and used to find

matching endmembers for Landsat 7 and 8 data, as described below.

Table 2.4: Metrics of endmember quality used to find optimal endmembers where EAR (Endmember
Average RMSE), MASA (Minimum Average Spectral Angle), CoB (Count Based endmember selection).

Metric Description

EAR identifies the endmember that produces the lowest average RMSE when it is used to

EAR . . .
model all the other spectra within that same class in the endmember library.!

Spectral angle is the angle between the spectra. MASA measures the minimum average
spectral angle between spectra to determine the endmember that best models each

MASA . . . I,
class by identifying which endmember has the lowest average spectral angle within the

same class.?

CoB selects endmembers based on which modelled the greatest number of spectra
CoB within their own class (In_CoB).3 Thus most representative of their class. CoB also

identifies endmembers that model spectra outside of its class (Out_CoB) (erroneous).?

}(Dennison & Roberts, 2003), 2(Dennison et al., 2004), 3(Roberts et al., 2003).
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3.4.2.1 Optimisation of endmembers for Landsat 5

The spectral library was run through optimisation several times to remove all erroneous
spectra (high Out_CoB values). Then the endmembers with the highest In_CoB values and the
lowest EAR and MASA values were selected for each class as potential optimal endmembers.
The spectral signatures of this refined set of endmembers were manually screened to identify
any spectra that were too similar, in which case the one with the lowest EAR, MASA and
highest In_CoB value was retained. This resulted in 5 mangrove, 7 algal mat, 4 saltmarsh, 10

water and 12 bare optimal endmembers.

For consistency across the study the optimal endmembers from Landsat 5 were used to guide
endmember selection for Landsat 7 and 8. Landsat 8 has an extra spectral reflectance band
(B1 Aerosols) and although Landsat 5 and 7 have the same number of spectral reflectance
bands there are slight differences in wavelength ranges (0.01um) for a couple of the bands.
Therefore, for robustness this study developed separate spectral libraries to analyse data

from each Landsat satellite.

2.4.2.2 Optimal endmember selection for Landsat 7 & 8

Due to the overlap in operation times between Landsat 5 and 7, a Landsat 7 image date from
the same time as the image date used for endmember collection for Landsat 5 can be used.
The closest Landsat 7 image date with no issues was 25 days later. Initially, spectra were
extracted from the same locations as the set of optimal endmembers identified in the
contemporary Landsat 5 images for Landsat 7. However, after 25 days, due to some rainfall
(55.2mm in total) and sea level variability there were considerable changes in reflectance
signatures at some of these pixels. Thus, it was unclear that the same locations would
optimally span endmember space for Landsat 7. In cases where there were changes at a given
pixel from the optimal set of Landsat 5 endmembers, new spectra from the Landsat 7 image
that were most spectrally similar to the Landsat 5 endmember were identified using Spectra
Angle Mapper (SAM). This method was followed exclusively to develop optimal endmembers

for Landsat 8.

SAM is a spectral classification that matches pixels to reference spectra, by calculating the
spectral angle between spectra to determine spectral similarity (Kruse et al., 1993). SAM was

used to find consistent spectra to the optimal set for Landsat 7 and Landsat 8. Pixels that were
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selected as consistent spectra and that were the most similar in spectral shape (i.e. spectral
angles) and reflectance compared to the optimal set were selected as optimal endmembers
for Landsat 7 and 8. For Landsat 8, this method was used on the earliest image date visually
most similar (i.e. due to an active algal mat) to the Landsat 5 2005 image date and for the
same time of the year (i.e. July). Correlations were run on mangrove fraction images between
the Landsat 5 image date and the image dates used for consistent spectra for Landsat 7 and
8, with correlations of 0.78 and 0.77 respectively, showing high correlations between image

dates used for consistent spectra to the Landsat 5 image date.

Preliminary MESMA analyses were run on all image dates (see section 2.4.3) and screened to
assess endmember performance. 2- 3 and -4 endmember models were also tested, however
the extra complexity was not needed. A shade endmember is always assumed within all the
models (e.g. 2 EM model = shade + mangrove, 3 EM model = shade + mangrove + water).
Spectral signatures of pixels within patches classified as non-mangroves adjacent to
mangroves were assessed to ensure the endmembers had not missed mangroves. When
mangrove patches were missed their spectral signatures were assessed and compared to the
existing optimal mangrove endmember library to determine why they had not been detected
by the MESMA. Mangroves patches not accounted for in the initial set of optimal
endmembers were healthy mangroves (high NIR) that included some fringing areas, and that
were partially inundated due to high sea level in those image dates. New endmembers were
collected to capture this variability (n=6) and added to the existing set of optimal
endmembers for each Landsat. The final optimal endmembers resulted in 11 mangrove, 7

algal mat, 4 saltmarsh, 10 water and 12 bare. See final optimal endmembers in Figure 2.5.
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Figure 2.5: Final optimal endmember spectra for bare (a), mangrove (b), saltmarsh (c), algal mat (d)
and water (e) land cover classes used for MESMA (n = 44). Where bare endmembers consist of
different statuses of mudflat and beach sand, supratidal ground, dead mangroves, and dead/dry algal
mats. Mangrove endmembers include sparse and dense groupings and variable contributions of water
due to tide. Saltmarsh endmembers tended to include dry sparse representatives, whereas algal mat
endmembers were active and dense and varied in status due to rain or position on the tidal margin.
Water endmembers consisted of different depth and turbidity.

2.4.3 Application of MESMA
MESMA analyses were run with 2 and 3 endmember models, which are typically the best
levels of complexity for natural and disturbed systems (Powell & Roberts, 2008; Wang et al.,

2014). This resulted in 797 models run on each pixel to determine the best model to spectrally
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unmix the pixel based on constraints set. The default constraints were accepted, which are
informed by the literature (see Table 2.5), these constraints set the tolerances around the
allowed fraction values so that they make sense, ensure small error and influence decisions
around the complexity of the model selected (e.g. 2 or 3 EM model). Each Landsat dataset
was run through MESMA separately. MESMA processing was completed using Viper Tools

software (V3.0) (https://sites.google.com/site/ucsbviperlab/), an open-source extension to

ENVI image processing software.

Mangrove fraction images developed from MESMA were post-processed in R (V3.6.1) to apply
shade normalisation and to mask pixels outside the study area and mangrove extent. An
inclusive mangrove extent mask was developed for each image date, created using NDVI
(normalised difference vegetation index) and the sum of all Landsat bands (less B1-Aerosols
for Landsat 8). An NDVI of above 0.12 and summed brightness between 5000 and 7200 was
used as an inclusive threshold for mangroves to remove pixels that were non-vegetation and
areas that were too dark (e.g. water) and too bright (e.g. sand) and ideally mainly mangrove.
In addition to a mangrove extent mask calculated for each image date post-processing
included aggregating the two Landsat 7 image dates by selecting the pixel value with data, in
the case of no-data stripes, and averaged the two pixel values for data coverage in both dates

resulting in one mangrove fraction image for the dual dates.

Table 2.5: MESMA default constraints used in Analysis.

Constraint Metric Details

Allows fraction images to identify fractions as low as this figure
(5% lower).

Allows fraction images to identify fractions as high as this figure

Minimum Fraction -0.05

Maximum Fraction 1.05

(5% higher).
Minimum shade 0.00 The minimum fraction of photometric shade applied to a pixel for
fraction the shade endmember.
Maximum shade 0.80 The maximum fraction of photometric shade applied to a pixel for
fraction the shade endmember.

. The maximum RMSE (root mean squared error) allowed for a
Maximum RMSE 0.025 . o . .
modelled pixel, if higher pixel left unclassified.

. Indicates the improvement needed in RMSE to select a more
Fusion Threshold 0.007 . )
complex model, otherwise a less complex model is used.
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2.5 Change analysis

2.5.1 Impact detection and quantification

Change detection was run on mangrove fraction Table 2.6: Categorisation of mangrove

fraction change from pre- and post-

images by subtracting the mangrove fraction image dates for impact detection

images from before and after the potential analysis.
disturbance and thresholding impacts to account Fraction change Change Class
for natural variation and identify high impacts <-0.667 High decrease
. -0.334 --0.667 Lowd
(Table 2.6). The standard deviation of mangrove ow decrease
-0.333-0.333 Natural variation
fraction change between consecutive years with 0.334—0.667 Low increase

no climate disturbance was used as the threshold >0.667 High increase

to distinguish between natural variation, and

between large and small changes in mangrove fraction (Table 2.6). For comparison between
climatic events, the extent of the impact was calculated as the proportion of mangrove pixels
(determined from the pre-impact mangrove extent mask) and thus area within each change
class. This was also calculated for the north, central, and south regions of the study area, and
for different distances from the coast in 200m margins one kilometre landward. Mangrove

fraction change detection was analysed in ENVI.

2.5.2 Recovery

Climatic events that occurred early enough to have 10 years of recovery data were observed
for recovery, including only those that had an apparent negative impact. This included
Cyclone Vance, Ningaloo Nina 02-03 and Ningaloo Nifio 10-11 which encompasses Cyclone
Carlos. To evaluate mangrove recovery from studied climatic impacts, all image dates were
stacked into a single image and recovery was tracked using July/August image dates only. A
piecewise regression analysis was used to estimate the temporal trajectory of mangrove
fraction recovery over a ten-year time frame for all suitable pixels, where the first year is the
July/August image date before the impact. Suitable pixel to track recovery were identified by
calculating adjusted R square (to assess model fit), adjusted to account for short recovery
time frame, amount of data (i.e. number of years with a mangrove fraction) and whether
there was a decline in mangrove fraction and thus a negative impact (to track a recovery), see

thresholds in Table 2.7.
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Recovery analyses conducted as part of this investigation included identifying overall
increasing and decreasing trends in recovery, measured by initial trajectory (hereafter initial
recovery) (slope 1), and the following trajectory (slope 2), with the calculated slope of these
trajectories, indicating a recovery rate per year (Figure 2.6). The ‘breakpoint’ in these
temporal trajectories, which included at what year and at what mangrove fraction, were also
calculated (elbow in trend) (Figure 2.6). The time frame of recovery was also calculated as the
year the overall trajectory trend (i.e. slope 1 or 2) was greater than the pre-disturbed
mangrove fraction (Figure 2.6). As part of the results only slope 1, the initial trajectory of
mangrove recovery, and recovery time (years to recover) are reported here, where certain
aspects of mangrove recovery may not be accounted for as indicated in Figure 2.6. The
piecewise regression analyses were conducted in R (V4.0.3) (package ‘segmented’) (CRAN,

2021).

Table 2.7: Metrics to be met to be considered a suitable pixel for recovery analysis.

Metric Threshold Description

Post-mangrove fraction <
Negative | pre-mangrove fraction, To ensure only pixels negatively impacted, and outside
impact and impact < -0.333 of natural variation, are assessed for recovery.

(decrease > 0.333)

. To ensure mangrove recovery trajectories are
Adjusted

>0.40 adequately modelled (piecewise slopes are well fitted
R Square

to mangrove fraction trajectories).

. Must be at least 5 years of mangrove fraction data, to
Enough 5/10 years contains . . o
. properly model mangrove trajectories and to limit
data mangrove fraction .
modelling algal mat or salt marsh
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Figure 2.6: Sample mangrove fraction pixel trajectories using piecewise regression which fits the
overall mangrove fraction trajectory (recovery) for ten years with one breakpoint (elbow in trajectory,
black lines), calculating two slopes in these trajectories, slope 1 and 2 indicated on the plots. Recovery
time is indicated by the orange dot and the green vertical line, when the mangrove fraction on the
slope (overall mangrove trajectory) is greater than the pre-disturbed mangrove fraction (yellow dot
and green horizontal line). Sample trajectories demonstrate several instances where the initial
trajectory is in decline then subsequent increase with recovery identified on slope 2 (a), two increasing
trends in recovery however not yet recovered (b), initial increase with recovery identified however
followed by subsequent decrease (c), and initial recovery with recovery identified then subsequent
further moderate increase (d). All sample recovery models have met suitability pixel constraints.
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3.0 Results

3.1 Impacts

3.2.1 Whole study area impacts

Mangrove response to extreme climatic events investigated varied in quantity, area and
magnitude of impact. Overall, most of the negative impacts were associated with tropical
cyclones and drought events (Figure 3.1 and Figure 3.2). MHWs were not associated with as
much negative impact (Table 3.1 and Figure 3.3). Negative impacts resulting from cyclone and
drought events also resulted in more high magnitude decrease (mangrove fraction decrease

by over 0.667) in mangrove fraction.

Cyclone Vance 1999, a category 5 cyclone associated with the highest wind speeds, storm
surge and rainfall had the largest negative impact on mangroves compared to all other events
captured by this study (Figure 3.1, Table 3.1, and Figure 3.3). Cyclone Vance caused a decrease
in mangrove fraction over 51.64% (79.42 km?) of the study area, and the largest proportion
of area with high decrease in mangrove fraction (19.06%) within 2 months (Table 3.1 and
Figure 3.1). The second largest impact was following the first drought event, Ningaloo Nifia
02-03, resulting in a proportional area of 34.66% (38.91km?) decrease in mangrove fraction.
Cyclone Quang and a drought event, Ningaloo Nifia 15-16, contributed to the other largest
impacts (16.60% - 14.50km? and 13.15%- 16.52km?, respectively) some 12 and 13 years after
Ningaloo Nifia 02-03 (Table 3.1 and Figure 3.1).

The largest proportion of increases in mangrove fraction were attributed to all three tropical
cyclones, with high increase most predominantly associated with Cyclone Quang (Table 3.1
and Figure 3.1). The drought and MHW events, Ningaloo Nifio/Nifias, contributed little to
stimulating mangrove fraction increases. Ningaloo Nifia 15-16 resulted in marginally larger
mangrove fraction increase for these events, however this could be partly due to the co-
occurring Cyclone Quang. It is however apparent that some of the areas experiencing high
mangrove fraction decrease and increase following Cyclone Carlos and Quang were in areas
generally dominated by algal mats (areas separate to mangroves communities on the coast

in mapped figures), most evident after Quang (Appendix B - Figure B.1 and Figure B.3).
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Tropical Cyclone Vance (1999)

Mangrove response to Cyclone Vance

Mangrove fraction change

wm Increase in mangrove fraction (1)

—_— Decrease in mangrove fraction (-1)

—— Coastline

"~ 005 1Km

Figure 3.1: Mangrove fraction change map following Tropical Cyclone Vance where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets
of part of the northern (a), upper central (b), lower central (c), and southern localities of the study
area. The scale of all insets is the same as in inset (c).
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Ningaloo Nifa 02-03

Mangrove response to Ningaloo Nifia 02-03

Mangrove fraction change

wem Increase in mangrove fraction (1)

M Decrease in mangrove fraction (-1)

Coastline

Figure 3.2: Mangrove fraction change map following Ningaloo Nifia 02-03 where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets
of part of the northern (a), upper central (b), lower central (c), and southern localities of the study
area. The scale of all insets is the same as in inset (c).
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Table 3.1: Total proportion and area of decreases and increases in mangrove fraction across the entire
study area presented in chronological order, with the three highest total proportion of decreases and
increases of mangrove fraction shaded grey. Mangrove fraction change are proportional to the pre-
impact image date of mangrove fraction for the study area for each respective climatic event.

Decreases Increases
Climatic event Proportion (%) Area (km?) Proportion (%) Area (km?)
Cyclone Vance 51.64 79.42 9.39 14.45
Ningaloo Nifia 02-03 34.66 38.91 6.29 7.06
Ningaloo Nifio 10-11 11.36 30.76 5.47 37.46
Cyclone Carlos 11.66 13.06 19.13 8.57
Ningaloo Nifio 12-13 7.90 18.37 5.19 10.84
Cyclone Quang 16.60 14.50 20.22 6.98
Ningaloo Nifia 15-16 13.15 16.52 7.76 27.10
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Figure 3.3: Proportion of mangrove area experiencing fraction increase and decrease per change class
across the entire study area for each climatic event in chronological order. Mangrove fraction change

are proportional to the pre-impact image date of mangrove fraction for the study area for each
respective climatic event.

3.1.2 Impacts across regions of the study area

Spatial patterns observed in Figures (3.1, 3.2 and 3.3) show that some of the climatic impacts
have resulted in larger negative or positive impacts across different regions of the study area.
Although for some of the individual events investigated there is clear spatial discrimination of

negative impact, there does not appear to be a clear regional distinction for alike climatic
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disturbances. However, the most severe impacts, Cyclone Vance and Ningaloo Nifia 02-03,
had the largest proportion of area with a decrease in mangrove fraction in the central and
north regions respectively, with the lowest mangrove fraction decrease by 10 percent in both
cases occurring in the south region. The north region was only marginally less affected by
Vance than the central region. This is particularly evident for Ningaloo Nifia 02-03 in the north
region, just north of the area captured by inset (a) in Figure 3.2, where that portion of the
coastline appears to have the highest magnitude of mangrove fraction decrease. Conversely
for the comparable event, Ningaloo Nifia 15-16 resulted in greater decrease in mangrove

fraction in the southern region (Table 3.2).

Negative impacts attributed to the first MHW, Ningaloo Nifio 10-11, was highest in the
northern most and southern most regions (Figure 3.4), with total mangrove fraction decrease
3 times greater in the south region compared to the north region, and a larger area with high
decrease detected in the south region (Table 3.2 and Figure 3.5). This trend of larger
mangrove fraction decreases in the north and south is similar following the co-occurring
Cyclone Carlos, but it is difficult to attribute these trends to this event when the comparable
event, Ningaloo Niflo 12-13 also displays this (Table 3.2 and Figure 3.5). Cyclone Quang and
Ningaloo Nifia 15-16 resulted in similar mangrove decrease across the study region, however,

Quang resulted in greater high impact across all regions (Table 3.2 & Figure 3.5).

Increases in mangrove fraction as a consequence of the tropical cyclones were all higher in
the northern regions, this was also generally true for the other climatic events (Table 3.2 &
Figure 3.4). The drought and MHW events that co-occurred with a cyclone also resulted in
higher mangrove fraction increases in the northern region. However, spatial patterns in the
mangrove fraction increases associated with each co-occurring event appear to be spatially
different. After Cyclone Carlos the mangroves increase appear to be more scattered and
actually more prominent in the south (algae in the north), and for Ningaloo Nifio 10-11 the
mangrove fraction increases were highest where there was highest decrease in mangrove
fraction following Carlos (Figure 3.4a, Figure B.1a, Figure B.1d). Similar disparities in mangrove
fraction changes were found for co-occurring Ningaloo Nifia 15-16 and Cyclone Quang where
spatial patterns on increase also appear dissimilar (Figure B.4 and Figure B.5), where areas of
greater increases following Cyclone Quang have occurred as greater decreases for Ningaloo

Nifia 15-16 (Figure B.4d and Figure B.5).
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Ningaloo Nifio 10-11

Mangrove fraction change

Coastline

Mangrove response to Ningaloo Nifo 10-11

wem Increase in mangrove fraction (1)

B Decrease in mangrove fraction (-1)

0 0.5 1Km

| —
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Figure 3.4: Mangrove fraction change map following Ningaloo Nifio 10-11 where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets
of part of the northern (a), upper central (b), lower central (c), and southern localities of the study

area. The scale of all insets is the same as in inset (c).
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Table 3.2: Total proportion and area of decreases and increases in mangrove fraction across different
regions of the study area, for each climatic event for the north (N), central (C) and south (S) regions,
with the greatest total proportion of decreases and increases in mangrove for each region for each
climatic event shaded grey. Decreases and increases are proportional to the pre-impact image date of
mangroves for each region of the study area for each respective climatic event.

Decreases Increases
Climaticevent / Region Proportion (%) Area (km?) Proportion (%) Area (km?)
Cyclone Vance N 51.88 34.52 13.13 8.74
C 56.58 23.69 5.37 2.25
S 46.69 21.14 6.39 2.89
Ningaloo Nifia 02-03 N 41.30 17.08 2.76 1.14
C 31.69 9.20 2.62 0.76
S 31.90 11.60 3.86 1.40
Ningaloo Nifio 10-11 N 7.53 13.20 8.19 17.92
C 4.32 8.65 4.71 6.95
S 21.01 7.52 2.21 9.91
Cyclone Carlos N 15.58 5.56 24.23 3.29
C 8.84 2.15 16.34 1.73
S 7.85 4.22 13.63 1.74
Ningaloo Nifio 12-13 N 8.47 5.79 5.02 4.56
C 5.38 4.09 4.32 2.36
S 7.72 7.46 3.19 2.49
Cyclone Quang N 16.46 3.77 22.34 4.11
C 17.60 1.47 14.14 1.60
S 14.78 8.56 19.48 0.90
Ningaloo Nifia 15-16 N 11.49 9.88 9.04 15.36
C 10.11 3.10 5.83 5.73
S 17.19 3.23 5.74 5.61
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Figure 3.5: Proportion of mangrove area experiencing fraction increase and decrease per change class
across the north (a), central (b), and south (c) regions of the study area for each climatic event in
chronological order. Mangrove fraction change are proportional to the pre-impact image date of
mangroves for the regions of the study area for each respective climatic event.
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3.1.3 Impacts across different distances from the coastline

Negative mangrove response across different distances from the coastline to other and
comparable climatic events here often exhibited opposite trends. The only comparable
climatic events that had similar trend in negative impact across different distance from the
coast were the MHWs, with increased negative impact on the distances closest and furthest
from the coast, this was also the general pattern for Cyclone Vance and Quang, however,
Cyclone Carlos resulted in greater mangrove decrease further away from the coastline (Table
3.3). The two drought events resulted in opposite responses from mangroves, with higher
mangrove fraction decrease closest to the coast after Ningaloo Nifia 02-03 and further from

to the coast after Ningaloo Nifia 15-16 (Table 3.3).

Decreases in mangrove fraction within 200m of the coastline are most prominent in the
northern and central section of the study area following Cyclone Vance (Figure 3.1a,c), and
most common at ~1000m from the coast following Cyclone Carlos in the north (Figure B.1a)

and in the south following drought event, Ningaloo Nifia 15-16 (Figure B.4d).

Mangrove fraction decrease after Cyclone Vance followed a different trend depending on the
change class, where the proportional area of high decrease in mangrove fraction declined
with increasing distance from the coast, and vice versa for low decrease in mangrove fraction
(Figure 3.6a). The other climate events had high and low increasing and decreasing trends in

mangrove fraction that followed general trend of their respective total decreases.

Increases in mangrove fraction were generally higher further from the coast for all climatic
events, especially following Cyclone Carlos and Vance (Table 3.3). Cyclone Carlos resulted in
a 42.2% increase in area mangrove fraction ~1000m from the coast, with low class mangrove
fraction increase expanding rapidly in area, and high class increase more subtly, further from

the coast (Table 3.3 and Figure 3.6d).
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Table 3.3: Total proportion and area of decreases and increases in mangrove fraction across different

distances from the coast at 200m intervals up to 1000m, with the greatest total proportion of

decreases and increases in mangrove fraction across landward margins for each climatic event shaded

grey. Decreases and increases are proportional to the pre-impact image date of mangroves for each

distance from the coast of the study area for each respective climatic event

Decreases Increases

fDrl;:?:Ez Proportion Are? Proportion Area

Climatic event coast (%) (km?) (%) (km2)
Vance 200m 55.16 28.82 3.94 3.94
400m 46.08 13.92 7.96 7.96

600m 47.65 8.97 10.23 10.23

800m 51.59 6.54 11.20 11.20

1000m 53.57 4.97 10.03 10.03

Ningaloo Nifia 02-03 200m 38.24 14.82 3.42 3.42
400m 39.48 10.57 2.46 2.46

600m 36.50 5.51 3.40 3.40

800m 31.19 2.58 3.90 3.90

1000m 29.20 1.37 3.49 3.49

Ningaloo Nifio 10-11 200m 11.29 5.67 4.42 4.42
400m 10.84 3.40 5.05 5.05

600m 9.76 1.74 6.19 6.19

800m 9.24 0.95 6.56 6.56

1000m 11.09 0.64 6.70 6.70

Carlos 200m 7.55 2.76 3.95 2.69
400m 8.68 0.98 7.26 3.31

600m 12.31 0.78 16.46 4.77

800m 13.71 0.73 26.45 5.65

1000m 15.44 0.64 42.20 8.12

Ningaloo Nifio 12-13 200m 5.12 5.11 2.69 6.11
400m 2.94 3.44 3.31 5.07

600m 3.88 2.52 4.77 6.61

800m 5.82 1.78 5.65 9.69

1000m 8.17 1.19 8.12 11.16

Quang 200m 11.29 5.67 4.42 4.42
400m 10.84 3.40 5.05 5.05

600m 9.76 1.74 6.19 6.19

800m 9.24 0.95 6.56 6.56

1000m 11.09 0.64 6.70 6.70

Ningaloo Nifia 15-16 200m 10.18 3.63 6.11 3.95
400m 10.53 2.62 5.07 7.26

600m 13.17 2.15 6.61 16.46

800m 16.01 1.38 9.69 26.45

1000m 19.40 0.88 11.16 42.20
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3.2 Recovery

This study tracked the recovery of mangroves from the extreme climatic events that occurred
early enough to study for 10 years after the impact. Mangrove recovery trajectories were
variable (Figure 3.7), with recovery following the different events here showing varying trends
in recovery rates and variable recovery time (Figure 3.8 — Figure 3.13). Overall, only a small
number of pixels in comparison to the mangrove extent that were impacted were found
suitable to be modelled (Table 3.4), this could indicate more complex mechanisms of recovery
than what could be modelled here in ten years after variable impacts, and cumulative
impacts. On average, the initial trajectory of mangrove fraction across the study following any
climatic impact was positive, indicating that on average mangroves are recovering however,
these rates of recovery differed marginally per event (Table 3.4), with recovery rates following
Cyclone Vance 1999 and the drought event, Ningaloo Nifa 02-03, being quite low across the
study area (Figure 3.8 and Figure 3.10). The slowest average rates of mangrove recovery were
after Cyclone Vance with initial recovery of 17% in area per year (+ 20%) in impacted pixels
(Table 3.4) resulting in the longest average time to recover of 6.5 years (+ 3 years). However,
given the average modelling time of this initial recovery rate of 4 years, this calculated
mangrove fraction trajectory is affected by the Ningaloo Nifia 02-03. Ningaloo Nifia 02-03
resulted in further decreases in mangrove fraction, potentially contributing to the slower
rates of recovery, this can be seen marginally from Figure 3.13ii, where the second slope of
recovery after Vance has been slowed by this event. The initial recovery rates following
Ningaloo Nifia 02-03 were higher at 21% in area per year (+ 16%) and 5 years (+ 3 years) on
average to recover, and Ningaloo Nifio 10-11 had on average the highest annual rates of
recovery at 35% (+ 23%) of impacted pixels resulting in the least time on average to recover

of 2.5 years (+ 2 years) (Table 3.4).

Ningaloo Nina 02-03, region-based recovery patterns did not show large variations in recovery
rates or time to recover. After Cyclone Vance rates of recovery were slightly higher in the
north and central region compared to the south, areas that were more negatively impacted
after Vance (Table 3.4). Recovery times following both of these events were similar for the
three regions (Table 3.4). This could be due to the different magnitude of the impact thus
influencing recovery time. Additionally, the rates reported here are the initial phase of

recovery where the second slope may differ between these two events, where recovery was
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more likely found on the second slope, resulting in variable recovery time depending on
annual rates of slope 2 (Figure 3.14a,b). Mangrove recovery rates following Ningaloo Nifio 10-
11 had variable rates and thus recovery time, where the north and south region exhibited
higher initial rates of recovery and thus shorter time to recover (Table 3.4). These high annual
rates of recovery for the north and south regions (38% * 24% and 36% + 23%, respectively)
were the highest where mangroves had the greatest mangrove fraction decrease, in the
northern most and southernmost extent with negligible recovery for other areas across the
study area (Figure 3.11). The majority of this recovery in the northernmost and southern most
extent of the study area appears to recover within a couple of years (Figure 3.12). Variability
in recovery times across impacted regions after Ningaloo Nifio 10-11 may be attributed to its
shorter time frame of recovery, where many areas recovered within the initial slope of
recovery (3.7c). In addition, there are pixels from all of these events with increasing initial
recovery slopes potentially leading to recovery estimates that were subsequently followed by
continued decrease (Figure 3.7ai,biii,ciii), where this following decreasing following recovery

trends has not been captured by this study.

There was no clear trend across different distances from the coast with average mangrove
recovery following Ningaloo Nifia 02-03 and Ningaloo Nifio 10-11, with fairly equal rates of
recovery and years to recovery. However, average rates of mangrove recovery following
Cyclone Vance did show a trend across distances from the coast where mangrove recovery
tended to be slower initially and take longer to recover in areas closer to the coast to (Table
3.5, Figure 3.7, Figure 3.8). The annual rate of recovery within 200m of the coastline was 14%
(£ 18%) per year with a recovery time of 7 years (+ 2.75 years) (Table 3.5). Higher magnitudes
of mangrove impact closer to the coast also resulted in many areas along this margin not
recovering in the observed time frame (Figure 3.9). Recovery rates and recovery time were
up to two times faster ~800m from the coast following Cyclone Vance, then slightly slower on
the furthest distance from the coast where a larger area of lower magnitude impact was
recorded. Higher rates of recovery are mostly visible for around the northern and central

regions further from the coast (Figure 3.8a,b and Figure 3.9a,b).

The drought event, Ningaloo Nifia 02-03, did not appear to show any trends with the
investigations here, exhibiting fairly moderate increases in mangrove fraction with patchy

areas of slightly higher recovery rates scattered across mainly the northern and central
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regions, with higher recovery rates seemingly in the northern region however on average this
was not true (Figure 3.10 and Table 3.4). No trend was also found for the time frame for
recovery with Figure 3.11 showing variable recovery times across regions and distances from
coast; areas of no recovery within the observed time frame do however appear to be closer
to the coast, however this was only slight. This would be similar to what was found with
Cyclone Vance where areas of higher magnitude decrese had less recovery. However, unlike
other events here, mangroves following Ningaloo Nifia 02-03 did not exhibit higher rates of
recovery in areas with larger areas of negative impact, or slower rates for areas that

experienced higher magnitudes of impact.
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Figure 3.7: Mangrove fraction trajectories with initial recovery (slope 1) closest to average recovery
for the whole study area per event as indicated in Table 3.4, after Cyclone Vance 1999 (a), Ningaloo
Nifia 02-03 (b), and Ningaloo Nifio 10-11 (includes Cyclone Carlos) (c).
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Tropical Cyclone Vance (1999)

Initial mangrove recovery following Cyclone Vance

Mangrove fraction initial slope
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Figure 3.8: Initial slope of mangrove fraction trajectories following Cyclone Vance, where decreasing
trajectories in mangrove fraction are indicated by red (i.e. further decrease) and increasing mangrove
fraction trajectories are indicated by green (i.e. recovery), including zoom insets of part of the
northern (a), upper central (b), lower central (c), and southern localities of the study area. The scale

of all insets is the same as in inset (c).
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Tropical Cyclone Vance (1999)

Years to recovery following Cyclone Vance
Time frame of recovery
w10 years
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[ ] Mangrove extent before climatic event

Figure 3.9: Time in years it took for mangrove fractions to reach pre-impact mangrove fractions
(recovery time) following Cyclone Vance, where longer time frame of recovery is indicated by yellows
and reds and a shorter time frame of recovery is indicated by light and dark blues, and no recovery in
the observed time frame indicated by black, including zoom insets of part of the northern (a), upper
central (b), lower central (c), and southern localities of the study area. The scale of all insets is the
same as in inset (c).
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Ningaloo Nifa 02-03

Initial mangrove recovery following Ningaloo Nifa 02-03

Mangrove fraction initial slope
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Figure 3.10: Initial slope of mangrove fraction trajectories following Ningaloo Nifia 02-03, where
decreasing trajectories in mangrove fraction are indicated by red (i.e. further decrease) and increasing
mangrove fraction trajectories are indicated by green (i.e. recovery), including zoom insets of part of
the northern (a), upper central (b), lower central (c), and southern localities of the study area. The
scale of all insets is the same as in inset (c).
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Ningaloo Nina 02-03

Years to recovery following Ningaloo Nifia 02-03

Time frame of recovery
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Figure 3.11: Time in years it took for mangrove fractions to reach pre-impact mangrove fractions
(recovery time) following Cyclone Vance, where longer time frame of recovery is indicated by yellows
and reds and a shorter time frame of recovery is indicated by light and dark blues, and no recovery in
the observed time frame indicated by black, including zoom insets of part of the northern (a), upper
central (b), lower central (c), and southern localities of the study area. The scale of all insets is the
same as in inset (c).
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Ningaloo Nifio 10-11

Initial mangrove recovery following Ningaloo Nifio 10-11 a)

Mangrove fraction initial slope
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Figure 3.12: Initial slope of mangrove fraction trajectories following Ningaloo Nifio 10-11, where
decreasing trajectories in mangrove fraction are indicated by red (i.e. further decrease) and increasing
mangrove fraction trajectories are indicated by green (i.e. recovery), including zoom insets of part of
the northern (a), upper central (b), lower central (c), and southern localities of the study area. The
scale of all insets is the same as in inset (c).
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Ningaloo Nifio 10-11

Years to recovery following Ningaloo Nifio 10-11
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Figure 3.13: Time in years it took for mangrove fractions to reach pre-impact mangrove fractions
(recovery time) following Ningaloo Niflo 10-11, where longer time frame of recovery is indicated by
yellows and reds and a shorter time frame of recovery is indicated by light and dark blues, and no
recovery in the observed time frame indicated by black, including zoom insets of part of the northern
(a), upper central (b), lower central (c), and southern localities of the study area. The scale of all insets

is the same as in inset (c).
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Table 3.4: Average (Mean) and standard deviation (SD) of recovery trajectories of mangrove fractions

following each climatic event, where slope indicates the first slope and thus the initial trajectory of

mangrove fraction (MF) and recovery time estimated over the 10 years of recovery for the whole study

area (W), and the north (N), central (C) and south (S) regions of the study area where grey shading

indicates the lowest rate of recovery and longest time to recover compared to all events for the whole

study area and for each study area respective to each event.

Initial recovery slope

Recovery time (years)

(MF/year)
n
prop of area  suitable
Mean slope recovered* pixels
Climaticevent / Region Mean SD years Mean SD (%) modelled
Cyclone Vance W 0.17 0.20 4yrs(to 2003) 6.55 3.02 53.9 16291
N 019 0.20 6.57 2.92
C 016 0.21 6.65 3.09
S 012 0.21 6.21 3.24
Ningaloo Nifna 02-03 W 0.21 0.16  3yrs (to 2006) 5.04 2.57 72.0 22386
N 021 0.17 5.20 2.54
C 0.20 0.16 4.84 2.53
S 021 0.15 4.97 2.67
Ningaloo Nifio 10-11 W 0.35 0.23  2yrs (to 2013) 2.61 1.95 85.2 3999
N 038 0.24 2.35 1.84
C 015 o0.16 4.17 2.39
S 036 0.23 2.58 1.90

*Proportion of area recovered within 10 years
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Table 3.5: Average (Mean) and standard deviation (SD) of recovery trajectories of mangrove fractions

following each climatic event, where slope indicates the first slope and thus the initial trajectory of

mangrove fraction (MF) and recovery time estimated over the 10 years of recovery across different

distances from the coast (DC) over the whole study area, where grey shading indicates the lowest rate

of recovery and longest time to recover for each climatic event.

Slope (MF/year)

Recovery time (years)

Climatic event DC Mean SD Mean SD
Cyclone Vance 200m 0.14 0.18 7.00 2.77
400m 0.17 0.22 6.50 3.06
600m 0.22 0.24 5.74 3.29
800m 0.28 0.25 4.80 3.26
1000m 0.26 0.25 5.46 3.37
Ningaloo Nifia 02-03 200m 0.21 0.16 4.92 2.65
400m 0.20 0.16 5.10 2.57
600m 0.21 0.16 5.15 2.48
800m 0.21 0.16 5.09 2.47
1000m 0.20 0.16 5.05 2.46
Ningaloo Nifio 10-11 200m 0.36 0.24 2.63 2.04
400m 0.35 0.22 2.48 1.75
600m 0.33 0.22 2.68 1.96
800m 0.30 0.21 2.77 2.14
1000m 0.31 0.24 2.56 1.83
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4.0 Discussion

This study aimed to evaluate mangrove response to a number of extreme climatic events and
track recovery from these events over a ten-year period using satellite remote sensing. The
results have demonstrated that cyclone and drought events were more extreme in their
associated impacts and resulted in slower recovery rates and times depending on the
magnitude of impact. A passing cyclone also generally led to a higher area of mangrove

fraction increase.

4.1 Mangrove response to climatic impacts

Cyclone impacts were studied at finer temporal scale than drought and MHW events. This is
particularly concerning as cyclones were among the highest disturbances on mangroves.
Category 5 Cyclone Vance (1999) resulted in the largest negative impact on mangroves,
decreasing the proportion of mangroves in half of the mangrove extent in less than two
months. The other cyclone events were associated with the other largest negative impacts.

In addition, cyclone impacts resulted in higher magnitudes of decreases in mangroves.

Cyclones tended to cause larger areas of impact at further distances from the coast overall,
and Cyclone Vance and Quang also resulted in high decreases in mangrove fraction on the
coast. High magnitude decreases on the coast have been attributed to sediment deposition
following Vance, due to the high storm surge depositing oceanic sediment (Paling et al., 2008).
Although not documented, it is likely Cyclone Carlos and Quang would have produced some
degree of storm surge (Krauss & Osland, 2020). Higher Impacts closer to the coast were also
found in Florida after a hurricane however, this was reported as uprooting by wind not
sediment deposition (McCoy et al., 1996). Large areas of mangrove decrease further from the
coast could be due to the structure of the mangrove community. More sparse mangrove
stands higher on the intertidal zone are potentially at higher risk of windthrow damage

compared to a dense collective closer to the coastline (Krauss & Osland, 2020).

Remarkably, the southernmost extent of mangroves following Cyclone Vance remained
largely unaffected which could be due to several factors. Vance travelled parallel to the
western facing coast, where cyclones occurring in the southern hemisphere are suggested to

be most damaging in the immediate left quadrant of the cyclone, where this zone potentially
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did not impact the southern area (Krauss & Osland, 2020). However, it has been suggested by
Paling et al., (2008) this was possibly due to inundation of small mangrove stands due to the
storm surge. Mangroves in other areas have also been protected due to the storm surge from

a cyclone occurring on a rising tide (Stocker, 1976).

Drought was also observed to have large negative impacts on mangroves. Drought events are
associated with anomalously low sea level, little precipitation and anomalously high air
temperatures which exacerbate dry and saline conditions that can exceed mangrove
tolerances. Both long-term and El Nifio associated drought has caused large scale mangrove
die-back and mortality at both national and international scale (Barreto et al., 2008; Duke et
al., 2017; Lovelock et al., 2017; Lucas et al., 2017; Otero et al., 2017; Paul et al., 2017; Servino
et al., 2018; Asbridge et al., 2019). Large scale mangrove decline associated with drought is
observed here via the same mechanisms with little rainfall, air temperatures 3 °C above
average and anomalously low sea level. This drought event, Ningaloo Nifia 02-03, occurred
only three years after Cyclone Vance and resulted in the second largest negative impact in
area and magnitude on mangroves, which further reduced mangroves in a third of their
extent. This large-scale decline in Exmouth Gulf has previously gone unreported. This event
resulted in higher mangrove decline, mainly in the north region of the study area and on the
coastline, whereas Ningaloo Nifa 15-16 resulted in higher decrease in the south and at further
distance from the coast. The second drought event was associated with sea levels 30cm below
average, which may have had greater influence on the southern region given the higher sea

level variability in this area (AU Extreme Sea Levels (uwa.edu.au)), leading to higher salinities

further from the coast.

Compound disturbances are most likely to intensify with climate change, delivering
potentially more severe outcomes or potentially buffering mangroves from higher magnitude
impacts. Tropical cyclones, when rain-bearing, can provide essential water input to arid
mangrove ecosystems, to facilitate nutrients in these otherwise nutrient poor soils, which
promotes the growth of mangroves (Lovelock et al., 2011; Adame et al., 2021). It is evident
from the first drought event that negative impacts resulting from Ningaloo Nifia 15-16 could
have been more considerable if not for the co-occurring Cyclone Quang (2015). High rainfall

associated with Cyclone Quang prior to this event may have provided an ecological buffer of
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sorts, ameliorating drought associated with Ningaloo Nifia 15-16. Ningaloo Nifa 15-16 was
associated with large impact in other regions of Australia (Duke et al., 2017; Lovelock et al.,
2017; Asbridge et al., 2019). Cyclone Vance occurred after the peak of a strong El Nifio phase
that caused severely low sea level, and anomalously high air temperatures (no rainfall data
available). Considering the similarities between this event and the Ningaloo Nifia 02-03, some
extent of mangrove decline could have been occurring prior to the storm. In addition, a
second cyclone (category 2), Cyclone Steve (2000), passed nearby a year later (Black dotted

line in Figure 1.1).

Further compound disturbances occurred in association with one marine heatwave (MHW),
where the other, Ningaloo Nifio 12-13 associated with higher SSTs did not result in much
impact. Ningaloo Nifio 10-11 was associated with mangrove decrease on the northernmost
and southern most extent of the study area. Impact in the southern extent could be attributed
to a reported locust outbreak in 2011. Reef et al., (2012) had discovered herbivory on A.
marina in the southern region of eastern Exmouth Gulf. There has not been other
documented herbivory of locusts on mangroves, however, given the remoteness of the
region, this may not be surprising. Locust outbreaks are considered primarily climate related
(Todd et al., 2002). Locust outbreaks in Africa have been linked to ENSO phases of climate
variability, mostly La Nifia (Todd et al., 2002). Mangrove decreases in the northernmost extent
may be attributed to the co-occurring Cyclone Carlos (2011), as mangrove decrease following
this event is in the same region. MHWs have not received much attention with associated
impacts to mangroves. Anomalous warm SSTs in addition to hurricanes providing nutrients
have been partly linked to mangrove expansion in Mexico during El Nifio phases, however this

was not recorded as a marine heatwave (Lépez-Medellin et al., 2011).

Although cyclones were associated with some of the largest decreases, all cyclones also
resulted in a larger area of increase in mangrove fraction and to a higher magnitude of
increase compared to other events. Mangrove increases associated with extreme climatic
events appear less reported. Increases in mangroves were higher in the north region and
further landward following all climatic events. The Ningaloo Nifio/Nifia events that co-
occurred with a cyclone had higher increase in the same regions as cyclones however these
increases were spatially separate. These higher increases generally followed decreases

identified from the event prior and vice versa.
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4.2 Mangrove recovery from impacts

This study also aimed to track recovery from those events that resulted in negative impacts.
It appears that areas that had the greatest proportion in area of mangrove fraction decline
also exhibited greater initial rates of recovery. However, when a greater area underwent
higher magnitudes of mangrove decrease, this resulted in significantly less recovery and thus
longer recovery time. This trend was seen following Cyclone Vance where the mangroves
closest to the coast that experienced higher degrees of loss resulted in slow initial recovery,
with multiple areas in this zone not recovering. Lower magnitude impact following Vance led
to greater recovery rates and less time to recover. However, this was not true for Ningaloo
Nifia 02-03, with areas of higher magnitudes of impact, and or greater areas of decline did not
result in differences in initial recovery or recovery time, as trends in recovery were not
observable in initial recovery. In contrast, negative impacts during the Ningaloo Nifio 10-11
potentially due to Cyclone Carlos in the northernmost extent and locusts in the southernmost
extent on mangroves, tended to recover within a few years. These impacts were associated
with less area impacted overall and to lower magnitudes compared to Cyclone Vance and
Ningaloo Nifio 10-11, potentially meaning surrounding mangroves were in better condition

to aid regeneration.

Slower recovery rates following Cyclone Vance could be attributed to the additional large-
scale impact due to Ningaloo Nifia 02-03, reducing the capacity of mangroves to recover from
the first disturbance. Recovery time following both of these events exceeded previous
estimates of recovery of 10 years (Paling et al., 2008), where areas here following both events
exhibited areas still not recovered to pre-mangrove fractions at 10 years. This trend of
compounding disturbances leading to slower recovery has been noted in Brazil, where
drought followed an extreme hailstorm (Servino et al., 2018). In addition, recovery following

drought events in general appear to be slow (Otero et al., 2017).

Recovery following these different events, cyclone, drought and MHW, could potentially
mean that mangroves are initially at least, better at recovering from certain types of damage.
Physical damage from wind and herbivory that resulted in moderate impact, even when over

a large area, as seen on landward margin for Vance, and the southern and northern regions
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for Ningaloo Nifio 10-11, led to higher rates of recovery and recovery time. Longer lasting
impacts disturbing environmental conditions such as sediment deposition and drought
causing hypersaline soils, led to potentially slower mechanisms of recovery. Larger
proportions of areas unaffected by the impact will serve as seed and propagule sources for
impacted areas (Harris et al., 2018; Krauss & Osland, 2020), where areas with higher
magnitudes of mangrove decline having fewer healthy surrounding mangroves to facilitate
recovery compared to lower magnitude reductions. Many studies investigating recovery
discuss species specific recovery mechanisms however this study has not achieved that level
of investigation. Certain species and their assemblages are reported to be more sensitive to
particular disturbances and have slower or faster regeneration rates (Paling et al., 2008;
Asbridge 2015; Ayyappan et al., 2016; Villamayor et al., 2016; Asbridge et al., 2018; Krauss &
Osland, 2020).

4.3 Limitations and future study

There were a few shortcomings in the approach used to detect and quantify impacts. This
included some confusion between algal mats and mangrove land cover classes. Some of the
high magnitude decreases and increase in mangrove fraction calculated following Cyclone
Quang and Carlos were mostly in areas where algal mats dominate. This may indicate that
there were not enough algal mat endmembers in the spectral library, as was the case with
mangroves previously (see section 2.4.2.2) (see Li et al., 2005). In addition, considering miss
modelling of algal mat, recovery rates could be influenced by opportunistic saltmarsh as
documented by Paling et al., (2008) post-cyclone. Given time, these shortcomings could have

been addressed.

It is likely that different species would have responded in different ways to different climatic
events, and recover in different ways. However, species discrimination between mangroves
is difficult to achieve with multispectral data especially considering the spatial resolution of
30m. Higher spatial and spectral resolutions may provide a better opportunity to investigate
species specific mangrove response from different climatic events (Pham et al., 2019).

However, this data type has limited archives making it difficult to investigate recovery, in
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addition it can be costly to obtain. Other studies have used multiple vegetation indices to

identify a time of year that species are spectrally distinct (Brewer et al., 2017).

Species level response and recovery in Exmouth Gulf would be particularly interesting for
further study. Disturbances could be altering species compositions which could further
influence types of recovery, and recovery time depending on the disturbance (Krauss &
Osland, 2020). In addition, further studies should consider including the algal mat with
investigations of impact and recovery as this also forms a major part of the ecosystem and
may contribute to the recovery rates of mangroves. The long period of mangrove recovery
could be attributed to a decline in active algal mat, where the algal mat provides much of the
nutrients to mangroves and salt marsh during periods of rainfall (Humphreys et al. 2005). This
contributes to understanding this ecosystem as a whole where studies on benthic coastal

communities such as algal mats have received poor attention.

Mangrove ecosystems are constantly changing due partly to climatic events (Giri, 2016), with
variations annually attributed to continued response and recovery of consecutive climatic
impacts. Considering the small number of pixels able to model recovery, there could be more
complex impact and recovery mechanisms happening that may take more years of data to
understand. Five out of 10 years with a mangrove fraction may have been too stringent, not
accounting for longer periods of mangrove mortality. In addition, compound impacts could
be affecting mangrove recovery trajectory modelling leading to reduction in model fit (low
adjusted R square). This study was however interested in the short-term recovery trajectories
and initial recovery (slope 1), considering some of the more recent climatic events do not
have enough data for short-term recovery let alone long-term recovery. Further studies

should investigate the second slope of recovery, to determine if recovery was stable.

5.0 Conclusions

Cyclones are projected to become more rain-bearing and more extreme with global warming
and climate change (Chang, 2017; Scoccimarro et al., 2017; Parker et al., 2018), with cyclones
already increasing in severity and frequency since 1970 (Hartmann et at., 2013). Droughts are

also expected to increase and anticipated to contribute substantially to mangrove decline,
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especially in north west Australia (Alongi, 2015). In addition, extreme El Nifio and La Nifia

events are also projected increase (Cai et al., 2014, Cai et al., 2015).

These projections are particularly concerning as, cyclones and drought events were
associated with higher impact and slow recovery. In addition, higher rainfall associated with
cyclones may help ameliorate drought, but may also cause flooding which disturbs sediment
accretions. Further, cyclones may disturb coastal elevation through coastal erosion which
may have implications on mangrove survival with projected sea level rise (Osland et al., 2020).
There are many compound disturbances which have resulted in cumulative impacts leading
to both positive and negative outcomes. It was demonstrated in this study that especially for
cumulative impacts, mangroves may need more than ten years to fully recover from
substantial disturbances, like Cyclone Vance and Ningaloo Nifia 02-03, but especially when
these impacts occur close in time. This could result in continued degradation of mangrove
communities when not fully recovered. MHWs themselves did not appear associated with
high negative impact, however MHWs are expected to increase in severity, frequency and

duration (Cowan et al., 2014), where tolerances may one day be reached.

Some negative impacts on mangroves in Exmouth Gulf have largely gone unreported,
potentially due to the remote region, which may not have been identified if not for remote
sensing data. This indicates the need to monitor this important ecosystem more closely, and

long term, especially given climate change posing a further challenge for mangrove survival.
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Appendix A

Landsat data image dates

Table A.1: Impact Data Images (Note: 2003 is the start of the scan line corrector error for Landsat 7,
thus 2 image dates used for these years). Sea level (SL) time around 10am and 11am to see if sea

kevel is rising.

Event Pre/Post Satellite Year Date SL10am | SL11am
(mm) (mm)
Pre 22-01-1999 -14 212
Cyclone Vance Landsat 5 1999
Post 04-04-1999 569 709
Pre 2002 01-07-2002 127 238
Ningaloo Nifia Landsat 7
05-08-2003 -371 241
02-03 Post 2003
21-08-2003 -285 274
07-07-2010 -
Pre 2010 >0 33
Ningaloo Nifio Landsat 7 23-07-2010 273 95
10-11 11-08-2011
Post 2011 302 128
27-08-2011 323 183
12-07-2012 - -
Pre 2012 28-07-2012 - >
; i -07- -2 -2
l;l;r_lfgloo Nifio Landsat 7 o0ns 37 85
Post 2013 169 166
01-09-2013 -13 -105
15-01-2011 69 127
Pre 31-01-2011
-01- 216 211
Cyclone Carlos Landsat 7 2011
20-03-2011 636 621
Post
05-03-2011 549 597
Ningaloo Nifia Pre Landsat 8 2015 29-07-2015 195 28
15-16 Post 2016 31-07-2016 237 38
Pre 24-04-2015 339 519
Cyclone Quang Landsat 8 2015
Post 10-05-2015 217 388
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Table A.2: Recovery (days since rainfall recorded at Learmonth Airport)

Satellite Year Date Days Since Rain
Landsat 7 1999 9 July 2
Landsat 7 2000 12 August 5
Landsat 7 2001 31 August 31
Landsat 7 2002 1 July 16
Landsat 5 2003 12 July 12
Landsat 5 2004 15 August 15
Landsat 5 2005 1 July 1
Landsat 5 2006 4 July 28
Landsat 5 2007 8 August 10
17 July 19
Landsat 7 2008 2 August 1
5 August 15
Landsat 7 2009 21 August 0 - 0.2 on this day — 11 since last
7 July 20
Landsat 7 2010 23 July 36
11 August 24
Landsat 7 2011 27 August z
12 July 1
Landsat 7 2012 28 July z
Landsat 8 2013 8 August 11
Landsat 8 2014 10 July 17
Landsat 8 2015 29 July 3
Landsat 8 2016 31 July 0—0.1 on this day — 6 since last
Landsat 8 2017 2 July 17
Landsat 8 2018 21 July 9 — not quality controlled
Landsat 8 2019 9 August 2 —not quality controlled
Landsat 8 2020 26 July 8 — not quality controlled
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Appendix B
Tropical Cyclone Carlos (2011)

Mangrove response to Cyclone Carlos

Mangrove fraction change
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Figure B.1: Mangrove fraction change map following Tropical Cyclone Carlos indicating mangrove
fraction decreases (reds) and mangrove fraction increases (greens), including zoom insets of part of
the northern (a), upper central (b), lower central (c), and southern localities of the study area. The
scale of all insets is the same as in inset (c).
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Ningaloo Nifio 12-13

Mangrove response to Ningaloo Nifio 12-13

Mangrove fraction change

we Increase in mangrove fraction (1)

B Decrease in mangrove fraction (-1)
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Figure B.2: Mangrove fraction change map following Tropical Cyclone Carlos where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets
of part of the northern (a), upper central (b), lower central (c), and southern localities of the study
area. The scale of all insets is the same as in inset (c).
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Tropical Cyclone Quang (2015)

Mangrove response to Cyclone Quang

Mangrove fraction change

wem Increase in mangrove fraction (1)

M Decrease in mangrove fraction (-1)
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Figure B.3: Mangrove fraction change map following Tropical Cyclone Quang where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets

of part of the northern (a), upper central (b), lower central (c), and southern localities of the study
area. The scale of all insets is the same as in inset (c).
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Ningaloo Nina 15-16

Mangrove response to Ningaloo Nifia 15-16

Mangrove fraction change

wem Increase in mangrove fraction (1)

B Decrease in mangrove fraction (-1) / .
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Figure B.4: Mangrove fraction change map following Ningaloo Nifia 15-16 where reds indicated
mangrove fraction decreases and greens indicate mangrove fraction increases, including zoom insets
of part of the northern (a), upper central (b), lower central (c), and southern localities of the study
area. The scale of all insets is the same as in inset (c).

005 1Km
F; B |

Page 70 of 74



